We report stable and repeatable UV and red electroluminescence ͑EL͒ from ZnO nanorod ͑NR͒ array light-emitting diodes ͑LEDs͒, where the p-type ZnO was formed by As + ion implantation into the as-grown ZnO NRs. Both doped and undoped single ZnO NRs were probed using nanomanipulator, where the former ones showed good rectification characteristics, confirming the formation of p-n homojunctions by ion implantation. Distinct EL emissions in UV and red regions were observed at room temperature under forward bias, where the emission intensity shows amplified spontaneous emission characteristics, suggesting high efficiency of these LEDs.
ZnO has attracted much attention for its potential applications in blue-and UV-emitting optoelectronics and high temperature/power transparent electronics.
1-5 However, the greatest challenge for ZnO remains the fabrication of low resistivity, reliable, and stable p-type ZnO. Nevertheless, p-type doping of ZnO using group V elements, such as P, As, Sb, and Bi has been reported recently. [6] [7] [8] [9] [10] [11] It was predicted that under oxygen-rich growth/annealing conditions, a complex involving a group V atom ͑e.g., As͒ and two Zn vacancies ͑As Zn -2V Zn ͒ would have a low formation energy, and behaves as a shallow acceptor with an ionization energy of 150-160 meV. 6 The As Zn -2V Zn complex is formed when an As atom occupies a Zn "antisite" and is decorated with two Zn vacancies. A similar conclusion was drawn for P as well. 7 Although stable p-type ZnO films have been reported, 8, 9 there has only been a few reports on ZnO film-based homojunction light-emitting diodes ͑LEDs͒, 2,10-12 and most ZnO LEDs are based on heterojunctions. [13] [14] [15] In this work, we report a stable and repeatable p-n homojunction ZnO nanorod ͑NR͒ array LEDs by As + ion implantation. Vertically aligned ZnO NRs with tip diameters ranging from 100 to 400 nm and length of ϳ5 m were uniformly grown on a 1 ϫ 1.5 cm 2 ͑111͒ n-type Si substrate ͑with an electron concentration of ϳ10 17 cm −3 ͒ by vapor-phase transport ͑VPT͒ method in a horizontal tube furnace. 5 The asgrown ZnO NR arrays were subsequently implanted using a VARIAN ͑E-220͒ ion implanter with 50 and 180 keV As + ions at a dosage of 1 ϫ 10 14 or 1 ϫ 10 15 cm −2 perpendicular to the aligned NRs. The simulated projecting ranges of the implanted ions were 20 and 61.9 nm for ion energies of 50 and 180 keV, respectively. Since the NRs are intentionally grown slightly thicker at top and thinner at bottom, ion implantation into the sidewalls of the NRs could be effectively avoided ͑see Fig. S1 in supplemental material 16 ͒. Dopant activation annealing of the As-implanted ZnO NRs were performed for 2 h at 750°C under vacuum ͑ϳ5 ϫ 10 −2 Torr͒, with an O 2 flow of 50 SCCM ͑SCCM denotes cubic centimeter per minutes at STP͒. Figure 1 shows the schematic diagram of the p-ZnO : As NRs/n-ZnO NRs homojunction LEDs on n-ZnO film/n-Si substrate, where the As-doped top layer of the vertically aligned ZnO is indicated. For bottom contact, the back side of the Si substrate was etched by 2% HF solution to remove the oxide layer, followed by sputtering of a Au cathode. To prepare top contact on the ZnO NRs, hydrophobic poly͑methyl methacrylate͒ ͑PMMA͒ was spin coated as a insulating supporting layer. 13 After spin coating of PMMA, oxygen plasma etch was performed to expose ZnO NR tops for contact formation. 17 Finally, a thin layer of Au ͑20-30 nm͒ was fabricated by sputtering through a shadow mask, and the device was ready for test.
The NRs after dopant activation were measured in vacuum by a Zyvex KZ100 Nanoprobing and Nanomanipulating system, where Au-coated tungsten probes were used. p-ZnO:As/ n-ZnO homojunctions ͑curves a and b͒, where the implantation was performed by 180 keV As + ions with a dosage of 10 15 cm −2 ͑curves a and b were recorded from two different NRs with slightly different diameters and lengths, indicating some variance from rod to rod͒. For comparison, curve c is the I-V characteristics of an unimplanted ZnO rod, and curve d is that of a single n-ZnO NR/n-Si heterojunction, both were measured by the nanoprobing system. The scanning electron microscopy ͑SEM͒ image and schematic of the measurement are shown as insets at top left and bottom right, respectively. Figure 2͑b͒ shows the semilogarithmic plots of curves a and b to clearly resolve both forward and reverse currents. Rectifying behavior of typical p-n junction is clearly seen. The forward current is around two orders higher than the reverse current in the low bias voltage range, with the reverse saturation current in the range of 5 -100 nA. The forward turn-on voltage of both curves a and b is ϳ1 V. These single NR I-V characteristics are in agreement with previous p-ZnO / n-ZnO film homojunciton diode reported, in which the turn-on voltage appears in the range of 1-3 V, 10, 11 indicating p-type formation in the top NR layers. This is remarkably low compared to other wide band-gap materials such as GaN and ZnSe, considering a larger bandgap energy of ZnO, which could be attributed to the deeplevel doping of ZnO. Assuming an abrupt junction, the I-V characteristics of ZnO p-n junction can be written as
where I 0 is the reverse saturation current, V is the forwardbiased voltage, n is the ideality factor, and V t = kT / e is the thermal voltage. When the I-V curve is dominated by an ideal diffusion current, n = 1; whereas when the I-V curve is dominated by a recombination current, n = 2. Usually, both mechanisms are present, and n has a value between 1 and 2. Both semilogarithmic plots of I-V curve show two regions in the positive biased region, as shown in Fig. 2͑b͒ . The ideality factors n derived from curve a are 3.9 and 22 for region I ͑i.e., V Ͻ 0.6 V͒ and region II ͑i.e., 0.6Ͻ V Ͻ 1.3 V͒, respectively. The ideality factor n derived from curve b shows small variations from curve a, which are 3.0 and 16.6 for region I ͑i.e., V Ͻ 0.5 V͒ and region II ͑i.e., 0.5 Ͻ V Ͻ 1.8 V͒, respectively. The reverse saturation currents I 0 are ϳ10 −10 and 10 −7 A calculated from Eq. ͑1͒, for regions I and II, respectively, agreeing well with the measured saturation current at low reverse voltage. The ideality factor obtained is similar to those observed for bulk ZnO p-n homojunctions reported elsewhere, such as 4.3 for p-ZnO : ͑N,Al͒ / n-ZnO : Al, 3-25 for p-ZnO:As/ n-ZnO homojunctions. 18 The deviation from the ideal case ͑n =1͒ can be attributed to possible high contact resistance between Au-coated tungsten probe and ZnO, deep-levelassisted tunneling or parasitic rectifying junctions within the diode, 18 and imperfections in forming the abrupt p-n junction by ion implantation.
In this study, by forming a thin p-type layer on top of the NRs, light emission from all devices was visible in ambient room light, and relatively weaker UV and red emissions were observed from diodes implanted with high ion energy ͑180 keV in our experiments͒ ͑see Fig. S2 in supplemental material 16 ͒. In contrast, there was no emission from undoped ZnO NRs. The electroluminescence ͑EL͒ spectra of the ZnO NR homojunction diode array recorded at room temperature under various forward injection currents with ion dosages of 10 15 and 10 14 cm −2 are shown in Figs. 3͑a͒ and 3͑b͒, respectively. The peak intensities as a function of injection current are depicted in the insets. As shown in Fig. 3͑a͒ , the spectrum is dominated by a broad red band peaked at ϳ630 nm. As the applied forward bias voltage increased from 4 to 5 V, the red EL emission showed a drastic increase in its intensity. The blueshift of the emission band with the injection current ͑from 663 to 627 nm when current injection increased from 8.61 to 30.4 mA͒ suggests that the luminescence mechanism originated from the donor-acceptor pair recombination, 12 and it is closely related to the defects introduced by energetic ion implantation as compared to 50 keV implanted diodes. As shown in the inset, the luminescence intensity of red band increases exponentially with injected current up to 6 V forward bias, indicating increased emission efficiency at higher current injection ͑close to the amplified spontaneous emission region͒. Unrecoverable device degradation was observed with 10 V forward bias, which could be attributed to p-n junction breakdown and/or creation of dark current path between i-ZnO and the Au anode. All the as-grown ZnO NR array samples showed similar PL spectra, which remained the same after various processes. The broad green band emission peaked at ϳ500 nm is originated from surface defects such as oxygen vacancies, 5 and a weak peak at ϳ378 nm is originated from free exciton recombination. The low UV-togreen band ratio indicates large amount of surface defects of the NRs, and/or ion-implantation induced defects inside the NRs which is not directly related to the as-grown crystal quality of NRs. 5 In fact, the as-grown single-crystalline NRs are low in defects beneath the surface a few nanometers thick, 5 which facilitates the p-type formation inside the NRs by doping As + ions. As shown in Fig. 3͑b͒ , the EL spectrum of ZnO NR diode array implanted with 10 14 cm −2 As + ions is dominated by a strong UV band centered at ϳ380 nm, with a weak broad red band peaking at ϳ630 nm similar to that shown in Fig. 3͑a͒ . The band centered at ϳ760 nm belongs to the second harmonics of the UV emission. The inset shows the plot of luminescence intensity versus current curve for UV emission, where clear amplified spontaneous emission characteristics are present. Fine scan of the UV region ͑0.1 nm in step, with accumulation of 1 s for each step, Fig. S3 in supplemental material 16 ͒ reveals that the linewidth of the sharp peak is less than 0.2 nm, in consistent with the lasing linewidth of single nanowires reported by Huang et al. 3 It is well known that the c-axis oriented ZnO nanowires/NRs can form a natural cavity for lasing, and both single-and multimode lasing have been observed. 3, 4 The lasing threshold of UV emission is around 5 mA, and the threshold power density of our device is 10.3 W / cm 2 at an inject current of 1.7 A / cm 2 , which is around four orders smaller compared to the laser pumping power ͑100 kW/ cm 2 ͒ and ϳ90 times smaller than the electrical injected current density ͑threshold density of 420 A / cm 2 ͒ reported previously. 3, 19 In addition, there is no bandwidth shrinkage observed, suggesting that the UV emission is a superposition of the emissions from many NRs. 3, 4 On the contrary, no significant sharp peaks could be observed in red for all of our devices, which could be attributed to the high transparency of ZnO to visible light, due to a reduced refractive index at longer wavelength. 20 It is worth mentioning that the formation of ZnO homojunction here is a result of the low defect ZnO NR ͑single crystal ZnO NRs were fabricated by VPT with pure Zn source and oxygen͒. It was found from our recent study that the defect band of ZnO originates only from the surface of ZnO NR. 5 Thus it is possible to dope the ZnO NR, high crystal quality thin film, and melt-grown substrate into p-type where the intrinsic defect induced electron carrier concentration is low. In contrast, p-type doping of ZnO substrates by As + implantation ͑hydrothermally grown͒ is unlikely because they contain huge amount of defects present throughout the substrates. 6, 7 In conclusion, we have demonstrated ZnO NR p-n homojunction LEDs with As implantation. The high luminescence intensity in UV emission bands and low input power of amplified spontaneous emission indicate high efficiency of the nanostructure-based devices. FIG. 3 . ͑Color online͒ ͓͑a͒ and ͑b͔͒ EL spectra of 50 keV, 10 15 and 10 14 cm −2 As + -doped ZnO NR homojunciton devices, respectively. A typical photoluminescence spectrum of the device is also shown in ͑a͒ ͑right Y-axis͒. Insets show the corresponding semilogarithmic plots of ͑a͒ red peak and ͑b͒ UV peak intensity as a function of current.
